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Lack of direct and satisfactory means of determining the penetra- 
tion of substances into the living cell has greatly hampered the study 
of permeability.  Various indirect methods have been  resorted  to, 
but their reliability must remain in question until a  direct method 
can be found for testing them. 
Investigators have sought to  overcome this difficulty in various 
ways.  Some have made analyses of tisshes, but it is evident that these 
must  include  too  much  intercellular  material  to  be  satisfactory. 
Analysis of the solution in which the tissue lies, in order to determine 
what is absorbed, is open to the objection that substances collect on 
the surfaces of cells, as well as in the cell walls and in the spaces 
between them, so that it is impossible to say what actually penetrates 
the protoplasm.  Others have sought to analyze the cell sap.  Plant 
cells are most favorable for this purpose, since, as a  rule, they con- 
tain vacuoles filled with sap.  In general the method has been  to 
crush  the  tissues and express  the sap,  but this procedure involves 
many possibilities of error. 1 
t Among these may be mentioned contamination of the cell sap by substances 
present in the cell walls or intercellular spaces and chemical reaction between 
the cell sap and the crushed protoplasm or the cell walls.  The degree of pres- 
sure used in expressing has a marked influence  on the concentration of the sap 
(cf., Mamdi, E., Atti del r. inst.  hot. de Pada, 1908, xii, 285; Dixon, H. H. and 
Atkins, W. R.  G.,  S~i. proc. roy. Dublin Soc. N.S.  1913, xiii, 422; Gortner, 
R. A., Lawrence, J. V., and Harris, J. A., Biochem. Bull., 1916, v, 139). 
The investigation of blood and other body fluids is open to the 0~bjection that 
we do not know to what extent sti'bstances penetrate between the cells in reaching 
these fluids.  In many cases penetration into these fluids seems to l~resent very 
special features. 
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The taking  up of dyes has been extensively investigated but this 
method is beset by many pitfalls  ~ and the results  hitherto  obtained 
are confusing. 
In'some cases the penetration of acids and alkalies has been studied 
by means  of  organisms  containing  natural  indicators,  or  by intro- 
ducing indicators into the cell)  Use has also been made of the fact 
that the penetrating substance may cause a visible precipitate within 
the cell; this is especially the case with alkaloids.  *  Furthermore the 
absorption  of Ca  ~ has been detected by observing the formation of 
crystals of Ca  oxalate within the cell.  It is evident, however, that 
these methods have but limited application, and that in many cases 
they are open to the objection that the penetrating substance injures 
the cell. 
The penetration  of a  substance  may sometimes be demonstrated 
by  observing  its  effect  upon  metabolism,  but  this  method  is 
inadequate  from  a  quantitative  standpoint.  Some  investigators 
contend that substances may produce effects on metabolism by their 
action at the surface, without actually penetrating the cell. 
2 To a great extent the coloration of the cell by a dye shows the extent to which 
the dye can combine with the substances within the cell rather than the rate at 
which  the dye penetrates.  Thus many cells contain st~bstances which  combine 
with methylene blue so that it becomes  far more concentrated within the cell 
than  in  the  external solution  (Pfeffer,  W.,  Physiology of  plants,  2nd  edition, 
Oxford, 1897, i, 96).  Unless the cell has this power it often fail  s to appear colored 
even though it may contain the dye in the same conceritration in which it exists 
outside.  In such cases it may sometimes  be detected by plasmolyzing  the cell 
and thus concentrating the dye.  A further complication is that a cell may appear 
to have taken the dye into its interior when in reality only the surface or the cell 
wall is stained.  There are many other difficulties, which need not be discussed 
here, such as toxic action of the dye and changes in the dye (decolorization, etc.) 
as it enters the cell.  A very serious objection to this method is that it does not 
give quantitative results.  A review of the literature will be found in HSber, R., 
Physikalsche  Chemie  der Zelle und der Gewebe, 4th edition, Leipsic  and  Berlin, 
1914. 
3 For the literature see Haas, A. R., J. Biol. Chem., 1916, xxvii, 233; Crozier, 
W. J., J. Biol. Chem., 1916, xxiv, 255; xxvi, 225; 1918, xxxiii, 463. 
4 For the literature see Czapek,  F., Ueber eine Methode zur dlrekten Bestim- 
mung der dberfl~chenspannung  der Plasmahaut von Pflanzenzellen, Jena,  1911. 
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It is evident that the most satisfactory method is to place the cell 
in a  solution containing  the  substance  whose penetration  is  to  be 
investigated and, after a  definite time of exposure, to obtain the cell 
sap without contamination  and  test it for the presence of this  sub- 
stance.  Experiments  of this sort have apparently not been carried 
out, though interesting  results have been obtained by Meyer,  e Han- 
sen, ~ Wodehouse, 8 and  Crozier 9 by  comparing  the  cell  sap  of  the 
marine  alga  Valonia  (which can be obtained without contamination) 
with the sea water.  Janse ~° found that filaments of Spirogyra which 
had been kept for a  time in a  solution of KN03  gave a  test  for NO3 
after being rinsed and caused to burst in a solution of diphenylamine. 
In this method there is serious risk of contamination  by substances 
in and upon the cell wall (or between the cell wall and the protoplasm). 
In order to avoid this difficulty the writer has employed the large, 
multinucleate cells of a species of Nitella, some of which reach a length 
of 6 inches and a diameter of a thirty-second of an inch. 
Within  the cell wall  the protoplasm  forms  a  thin layer in which 
the chlorophyll bodies are imbedded.  Inside this layer is the large 
central vacuole filled with cell sap.  It is possible to obtain the cell 
sap without contamination  in various ways.  The writer has made 
use of the following methods:  The  cells are placed for the desired 
length of time in a  solution containing the substance whose penetra- 
tion is to be tested.  They are removed, washed in running tap water 
(followed in many cases by distilled water), and dried by means of 
filter paper.  The cells are so large and turgid that this manipulation 
presents no difficulty.  A  cell is then placed on a  piece of glass or 
filter  paper  and  pierced  with  the  point  of  a  clean  capillary  tube 
(which has been drawn out to a fine tip).  The cell sap is drawn  up 
into  the  tube  (by capillary  action)  quite  free  from  protoplasm  or 
chloroplasts. 11  Another method, which is preferable in many cases, 
6  Meyer, A., l~er. deutsch, bot. Ges., 1891, ix, 77. 
Hansen, A., Mitt. Zool. Star. Neapel, 1893, xi, 255. 
8  Wodehouse, R. P., J. Biol. Chem., 1917, xxlx, 453. 
9 Crozier, W. J., Y. Gen. Physiol.,  1918-19, i, 581. 
t0 Janse, J. M.,  Versl. Meded. Kon. Akad. Wetensch.  Afd.  Natuurk.  (3), 1888, 
iv, 332. 
n During the manipulation care should be taken to prevent  the sap  from run- 
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is to suspend the cell by a pair of forceps attached to the upper end, 
cut off the lower end and bring it in contact with a  glass  slide,  and 
then grasp the upper end gently with another pair of forceps which 
is  slowly moved  downwards  while  a  slight  pressure  is  maintained. 
The cell sap then flows out on to the glass slide.  By uniting the drops 
from a  number  of cells it is possible to get a  sufficient amount  for 
qualitative chemical tests, and in many cases approximate quantita- 
tive results may be obtained. 
Since in previous investigations  the writer had  employed indirect 
methods of testing permeability it was of considerable interest to com- 
pare such results with those obtained by direct  tests of the  cell sap. 
An  investigation  was  therefore made  in which  the  permeability  of 
Nitella was tested by determinations of plasmolysis and of  electrical 
conductivity as well as by the  direct method.  This  may be illus- 
trated by a series of experiments  TM with NaNOs and Ca(NO~),. 
Experiments  on plasmolysis were carried  out by placing the cells 
in a  hypertonic solution and observing the time required  to recover 
from plasmolysis  (without removing  the  cells from the solution)  on 
the assumption that the more rapid the recovery the more rapid~s the 
penetration of the salt. 
In  these  experiments  the  smaller  cells  near  the  tip  of  the  plant 
were  largely  employed.  They  were  observed  in  Syracuse  watch- 
glasses, or placed on glass slides and covered with large cover-glasses 
the  edges  of which  were sealed with vaseline.  The experiments re- 
quire continuous observation of individual  cells, since  (especially in 
unbalanced solutions)  recovery is promptly followed in many  cases 
by injury and false plasmolysis, ~* which may be mistaken  for  tlnae 
plasmolysis. 
It is evident that plasmolysis may be injurious to many cells  even 
in a balanced solution; 1~ while in an unbalanced  solution there may be 
12 All the experiments were performed at about 19°C.  All the solutions were 
approximately  neutral. 
1~ Osterhout, W. J. V., Bot.  Gaz., 1908, xlvi, 53; 1913, Iv, 446; Science,  1911, 
xxxiv, 187. 
14 For this reason penetration  may be more rapid than would otherwise be the 
case.  In order to reduce toxicity pure salts should be used and the water  should 
be distilled from quartz  (or from glass which has  been in use for some time), 
using cotton plugs in place of rubber or cork stoppers, and rejecting the first and 
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the additional injury due to the toxic action of the salt.  For this 
reason many cells which would recover if very slightly plasmolyzed 
may not do so  if plasmolyzed more strongly, since recovery may 
require so much time that the process of injury gets the upper hand. 
It was found that recovery was more rapid in NaNOs than  in a 
balanced solution of NaNO8 plus Ca(NOs)~ or in  Ca(NO~) or CaCL 
alone.  Experiments with  RbC1  and  CsC1, with  and  without  the 
addition of CaCI~, gave  similar  results.  This  indicates  that  in  a 
solution of NaNOs,  NaC1,  RbC1, or CsC1 penetration is more rapid 
than in  Ca(NOB)2, CaCI~, or a  balanced solution. 
These results agree with those previously obtained by the writer 
in studying Spirogyra. 15 
The experiments on conductivity were carried out by means of an 
apparatus consisting of a block of paraffin (P, Fig.  1) in w~aich are 
two depressions containing platinum electrodes, E, E, covered with 
platinum black.  A connecting groove contains the cells, N, loosely 
packed together and covered by a glass plate, G.  The ceils are placed 
in the groove after it is failed with liquid  and great care is taken to 
avoid  air bubles.  When a  new solution is  to  be  introduced it is 
poured into T; it then runs through the groove and escapes by the 
opening O; the irrigation is continued until the old solution is com- 
pletly removed. 
Before  beginning  the  experiments  the  conductivity of  the  cell 
sap was tested  16 and found to be  equivalent to  that of sea water 
diluted with three parts  of tap water (this will be referred to a 0.25 
sea water).  As the cells grew well in 0.20 sea water they were kept 
in this for some time before each experiment and then transferred to 
0.25  sea  water just  before the  experiment.  The  conductivity of 
the cell sap was then approximately the same as that of the external 
solution and the fact that the cells had a greater resistance than the 
solution must be ascribed to the greater resistance of the protoplasm 
or of the cellulose wall.  When the ceils  were killed by agents which 
produce no alteration in the cell wall  the resistance fell to approxi- 
mately that  of the  solution.  It is  therefore evident  that  the in- 
creased resistance was due to the protoplasm. 
15 Osterhout, W. J. V., Science, 1911, xxxiv, 187. 
is For this purpose a  capillary tube was filled with sap and a  platinum elec- 
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The conductivity was first determined in 0.25  sea water,  this was 
then replaced by another solution of the same conductivity.  The 
conductivity in the new solution was then determined at intervals. 
In general it was found that in solutions in  which  the cells lived 
well, such as dilute sea water or a balanced solution of NaNO3 plus 
Ca(NOs)2,  the  resistance  did  not fall.  But in  solutions in which 
injury occurred, such as NaNOs,  the resistance  fell.  In  Ca(NOs)~ 
and in CaCh there  was  a  rise  in  resistance followed by a  fall. 
0  'G 
FIO. 1. Apparatus for measuring the conductivity of Nitdla.  The  cells (N) 
are placed in a trough in a block of paraitin (P) and covered  with a glass plate (O0. 
The solution is poured in through the funnel (T) and runs out through the open- 
ing (O).  At E and E are platinum electrodes. 
These  experiments agree  with  those made  on Laminarla  except 
that  the rise  observed  in  Ca(NOs)~  or in CaC12 was  often smaller 
in the case of Nilella.  This, however, is not unexpected, since the 
concentration of  CaCI~  was  only  one-fourth  of  that  used  in  the 
experiments on Laminaria.  It may be added that the rise observed 
in  CaCI~  differs greatly in  different organisms.  In  Rhodymenia, 17 
17 Osterhout, W. J. V., Y. Gen..Physiol., 1918-19, i, 299. W.  J.  V.  OSTERtIOUT  281 
for example, it is very small and temporary, even in 0.278 ~  CaCI~ 
(which has the conductivity of sea water). 
As was to  be  expected  from  experiments  on  other  organisms  t8 
La(NOs)8 also produces a rise in resistance which is followed by a fall. 
One fundamental principle is evident in the results of all the ex- 
periments,  including  those  on  plasmolysis  and  on  electrical  con- 
ductivity; namely, that in solutions which are injurious the resistance 
eventually falls,  while in non-toxic solutions it  remains practically 
unaltered.  This  has  been interpreted as  indicating that  injury is 
accompanied by an increase of permeability, but the evidence for this 
view was obtained by indirect methods and the writer welcomed the 
opportunity to test it by the direct method of examining the cell sap. 
The  experiments on  sap  were confined to  the  determination  of 
NO,, since it was found that the cells normally give tests for Na and 
Ca.  Since the method employed was not sensitive enough to detect 
NOs in the sap  of the control cells under any circumstances, it is 
evident that if a  test was obtained after exposure to a  solution con- 
taining NO8 it must have been due to penetration from without. 
The sap was tested by placing it on a glass slide, adding a drop of 
nitron dissolved in 10 per cent acetic acid, and observing it under the 
microscope.  If NO8 is present it may be recognized by the formation 
of characteristic crystals. 
Cells kept for 24 hours in 100 cc. NaNO8 0.05 ~  plus 10 cc. Ca(N08)~ 
0.05  M gave no test,  which shows conclusively that the method is 
safe as  far as  contamination by NOs  on the surface  is  concerned. 
After 48 hours a  test was obtained.  As the  cells continued to live 
in this solution for 3 weeks (at which time the experiment was dis- 
continued) and as they appeared normal in  every way, it is evident 
that the penetration was not the result of injury. 
It is probable that in 24 hours there was some penetration which 
was not revealed by the test.  This,  however, has no significance in 
the present investigation, the aim of which is not to determine the 
absolute amount of penetration but merely to compare the relative 
penetration in balanced and unbalanced solutions. 
The results of such a comparison are very striking.  After 3 hours 
in NaNO3 0.05 ~r a good test was obtained.  The cells had lost some 
18 Osterhout, W. J.V., Bot. Gaz. 1915, lix,  464; J. Gen. Physiol. 1918-19,  i, 299, 409: 282  DETERMINATIONS  OF PERMEABILITY 
of their turgidity; if left in the solution of NaNO, or if transferred to 
tap water they subsequently lost all their turgidity, indicating death. 
It is therefore evident that this rapid penetration was accompanied 
by injury. 
It may be remarked that the turgidity of the cells is a good indica- 
tion of their condition.  It is easily tested by lifting them out of the 
solution; if in good condition they appear stiff, if injured they tend to 
collapse.  It is,  however, necessary to  distinguish between loss  of 
turgidity in isotonic or hypotonic solutions, which indicates injury, 
and a similar appearance in hypertonic solutions, which may indicate 
nothing of the sort.  In the latter case the cell promptly recovers its 
turgidity when placed in tap water; in the former it does not. 
Another criterion of injury is afforded by the appearance of the 
chlorophyll bodies.  In the normal cell they are arranged in regular 
rows and are of a clear, transparent green color.  When injury occurs 
they lose their regular arrangement and their  color becomes more 
opaque. 
In 0.05 ~r Ca(l~Os)~  the cells live for a week or more.  During the 
first few days, at least, penetration is not more rapid (perhaps is less 
so) than in a balanced solution. 
Similar  results  were  obtained  with  other  salts,  which  will  be 
described in a subsequent paper. 
The outcome of these direct  tests is  therefore  a  confirmation of 
the results obtained by the indirect methods.  We find that penetra- 
tion  in  injurious  solutions  is  relatively  rapid  as  compared  with 
penetration in  non-toxic  solutions.  This  corresponds  to  the  fact 
that  recovery from plasmolysis is more rapid in injurious solutions 
as well as  to the fact that conductivity increases in such solutions. 
In view of this we may conclude that determinations of electrical 
conductivity give  reliable  information  regarding  changes  in  per- 
meability.  Observations on recovery from plasmolysis, while giving 
similar results, are less satisfactory. 
SUMMARY. 
1. Methods are described for obtaining cell sap from Nitella with- 
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2.  Tests  of the cell sap show that in a balanced solution of NaNO8 
plus Ca(NOB)2 there is a slow penetration of NO8 and that the cell 
remains in a  normal condition, but in pure NaNO8 there is rapid 
penetration accompanied by injury. 
3.  Inasmuch as determinations of electrical conductivity give the 
same result it may be concluded that this method gives reliable infor- 
mation regarding permeability. 
4.  While observations  on recovery from plasmolysis give similar 
results, the method is less satisfactory. 